Thermal Barrier Coating (TBC) systems are frequently used in gas turbine engines to provide thermal insulation to the hot-section metallic components and also to protect them from oxidation, hot corrosion and erosion. Surface sealing treatments, namely laser-glazing, have been showing a high potential for extending in-service lifetimes of these systems by improving chemical and thermo-mechanical resistance. In this investigation, both as-sprayed and laserglazed TBCs were exposed to hot corrosion in molten salts. The glazed coatings were obtained by scanning the surface of the plasma-sprayed coatings with either a CO 2 or a Nd:YAG laser.
Introduction
Ceramic Thermal Barrier Coating (TBC) systems are frequently used in gas turbine engines to provide thermal insulation to the hot-section metallic components (vanes, blades, shrouds, etc.) and also to protect them from oxidation, hot corrosion and erosion, extending the components thermo-mechanical life [1, 2] .
Zirconia stabilized with 8wt% of yttria (8YSZ), the most commonly used material as a TBC, has been developed over many years and is thought to give the best performance, especially in aviation gas turbines [3] . Yttria stabilizes zirconia in the tetragonal phase preventing it from undergoing a transformation to a monoclinic phase that is accompanied by an increase in volume (up to 5%) that produces stresses and eventually causes delamination and spalling of the coating [3] [4] [5] .
TBCs have limited applications in industrial gas turbines and diesel engines because the commonly used stabilizers of zirconia react with sulfur, sodium and vanadium contaminants contained in many industrial low-quality fuels [3, 6, 7] . Furthermore, particularly in plasmasprayed coatings, the penetration of these contaminants through the porous and microcracked coating may also attack the underlying metallic components by hot corrosion mechanisms.
Hot corrosion can be defined as accelerated corrosion that results from the presence of salt contaminants such as Na 2 SO 4 , NaCl and V 2 O 5 which form molten deposits that react with the protective oxide coatings [7, 8] . Laser-glazing has been mentioned by Jones [3] and Gurrappa [6] , as an approach to improve the hot corrosion resistance of zirconia-based thermal barrier coatings by preventing salt penetration into the coating.
Laser-glazing provides a remelting and subsequent solidification of the surface resulting on a dense top layer with a new microstructure with reduced surface roughness, free from porosity but -4 -with formation of crack networks perpendicular to the surface [10] [11] [12] [13] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Moreover, this post-treatment technique is suitable for surface treatment without structural modification of the zirconia nontransformable tetragonal phase because of the rapid solidification and subsequent cooling [10, 11, 16] .
Studies conducted by Tsai and Hsu [13] reported that laser-glazing provided an increase of about fourfold in the lifetimes of the plasma-sprayed ZrO 2 -19.5wt%Y 2 O 3 TBCs in a V 2 O 5 saltcontaining corrosive environment resulting from the improvement of strain accommodation through segmented cracks and from the reduction of penetration of the molten salts through the dense glazed layer.
In this paper, a study with focus on the hot corrosion response of laser glazed 8YSZ coatings relatively to those in the as-sprayed condition is reported. The mechanisms of destabilization of the coatings are studied and the effect of V 2 O 5 and Na 2 SO 4 is examined separately as well as in conjunction due to possible mixed interactions that may inhibit or enhance the hot corrosion effect.
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Experimental details

Material
The specimens used in this study consisted of a conventional TBC system comprising an atmospheric plasma-sprayed (APS) 8YSZ (Metco 2004 NS) top coat deposited onto stainless steel disks (ASTM 316Ti) pre-coated with a vacuum plasma-sprayed (VPS) bond coat (PWA 286). The substrate disks (Ø3×0.3cm) had been previously grit blasted with alumina particles for roughening of the surface assuring an improved adhesion of the coatings. Table 1 shows the main spraying process parameters and coating characteristics. The specimens were then cut in four parts with an average area of about 1.77 cm 2 to proceed with the glazing process and hot corrosion testing.
Laser glazing
The laser glazing process was carried out using a CO 2 (Trumpf Lasercell 1005, TLF series) and a Nd:YAG (StarMark SME65, Baasel Lasertech GmbH,) pulsed industrial lasers. The specimens were placed on the x-y table and in both cases the laser beam was scanned over the specimen surfaces generating multiple parallel tracks of controlled overlapping to treat the whole surface area of the coatings. Some of the laser operating parameters are listed in Table 2 . The corrosive powders were placed and spread over the surface of the coatings leaving approximately 3 mm from the edge uncovered. All specimens were subjected to an isothermal air furnace testing at a temperature of 1000ºC for 100 hours followed by cooling down to room temperature inside the furnace. For ease of specimen referencing abbreviations are used in the paper which are presented in Table 3 .
Corrosion testing
Characterization
Coating surfaces, fracture planes and cross-sections were prepared and examined by scanning electron microscopy (SEM) in order to determine morphological and microstructural modifications. Energy dispersive X-ray spectroscopy (EDS) was used as a complement of X-ray diffraction (XRD) for local element analysis and detection of corrosion products along throughthickness. Phase stability of zirconia was studied by means of XRD using a X-ray diffractometer operating with a continuous scan of Cu K α1 radiation with 1.54056 Å wavelength and a step size of 0.02º. with the as-sprayed ones. In addition, the surface porosity was eliminated but a network of cracks perpendicular to the surface has formed in both cases. The crack density is similar in both, however the width of the cracks is substantially smaller in those treated with Nd:YAG laser.
Also, voids were found at the surface of the CO 2 laser-glazed coatings while none has been noticed in those treated with the Nd:YAG laser. The microstructure of the glazed layers changed from lamellar to columnar due to the direction of the heat flow on cooling down to room temperature.
Hot corrosion response
Visual inspection
After the hot corrosion test, the coating Sprayed-V -8 -
Microscopic surface examination
SEM observations of the various surfaces after the corrosion testing are depicted in Fig. 2 and reveal evident morphological modifications and particular features in some of the coatings.
Specimens tested with Na 2 SO 4 ( Fig. 2a,b,c) did not show visible signs of degradation of the initial surface morphology although a slight increase of porosity has been noticed for the assprayed condition specimen (Fig. 2a) . Moreover, no Na-or S-containing products have been found at the surface by EDS probably due its low content below the detection limit of the XRD diffractometer.
Specimens tested with V 2 O 5 ( Fig. 2d ,e,f) or V 2 O 5 +Na 2 SO 4 ( Fig. 2g ,h,i) presented their surfaces highly porous and in particular those in the as-sprayed condition (Fig. 2d,g ). The assprayed coating tested with V 2 O 5 +Na 2 SO 4 was extremely damaged and showed significant amounts of detached material (Fig. 2d) . In specimens corroded by V 2 O 5 +Na 2 SO 4 , lace-like agglomerates of crystals were found. The crystals presented a high aspect ratio with needles up to 100 µm long. On the other hand, specimens corroded solely by V 2 O 5 only showed irregular crystals embedded on the surface (Fig. 2d ,e,f). It was found by EDS analysis (Fig. 3 ) that the crystals in both cases were composed of yttrium, vanadium and oxygen and confirmed to be YVO 4 by XRD analysis.
Structural analysis and phase destabilization
Zirconia-based TBCs require alloying oxides such as Y 2 O 3 , CaO, CeO, MgO, etc., in order to stabilize a single-phase material, usually in the tetragonal form [28] . At room temperature the -9 -equilibrium phases of yttria partially stabilized zirconia are expected to be a low yttria content monoclinic phase and a high yttria content cubic phase. However, due to rapid cooling during the plasma-spraying process, a nonequilibrium tetragonal phase, denoted as t', takes place [29, 30] . Fig. 4 shows the XRD spectra of the surface of all coatings before and after the corrosion testing. Before the corrosion testing (top patterns of Fig. 4a,b,c) , XRD analyses revealed, for all three series of coatings a polycrystalline structure composed solely by the nontransformable t' tetragonal phase which indicates that both laser systems are suitable for surface treatment without structural modification of zirconia. Moreover, ZrO 2 -8wt%Y 2 O 3 plasma-sprayed coatings may contain small amounts of residual monoclinic phase that can be suppressed by laser-glazing [10, 11, 31] . It was also detected some minor relative peak intensity variation due to columnar grain orientation caused by the laser-glazing process. (Fig. 2g,h,i) .
In order to determine the hot corrosion response of the tested coatings, the extent of destabilization was determined by calculating the volume fraction of monoclinic phase formed at the end of the tests: 
-10 -where I represents the diffraction intensity of the respective lattice planes.
A comparison of the destabilization fractions is presented in Fig. 5 . It can be seen that V 2 O 5 had a detrimental effect on the coatings leading to the transformation from tetragonal to monoclinic phase up to 97% in volume. The laser-glazed coatings reduced the destabilization at the surface although the effect was rather small (6-10%). They presented less monoclinic phase than the plasma-sprayed ones, being in agreement with the results obtained by Tsai and Hsu [13] .
The Nd:YAG laser-glazed coatings presented lower destabilization than those glazed with the CO 2 laser as a result of a lower surface area due to absence of surface voids and smaller width of cracks (see Fig. 1b and c).
Mechanisms of degradation
Various studies [3, 4, 6, 7, [13] [14] [15] with focus on the hot corrosion of YSZ have reported the reaction of yttria, from the zirconia solid solution, with vanadium-containing compounds leading to the formation of yttrium vanadate (YVO 4 ):
The resultant structural destabilization of zirconia by depletion of yttria is followed by phase transformation from tetragonal to monoclinic.
Another possible chemical reaction would be the zirconia matrix itself with the molten vanadate:
However, in this study no such products have been found by XRD analyses. This result is in conformity with literature that mentions the reaction kinetics is slow and not usually detected [3] . A fracture surface of coating CO 2 -MIX after the corrosion testing is shown in Fig. 8 . It is clearly visible a preferential formation of YVO 4 crystals just below the dense glazed layer where the contact area is much higher than that at the surface. The formation of those needle-like YVO 4 crystals may contribute to the failure of the coating not only by promoting the disruptive phase transformation from tetragonal to monoclinic but also by introducing additional stresses and thus reduce the tolerance of the TBC to thermal shock.
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The laser-glazed or as-sprayed condition coatings exposed to Na 2 SO 4 solely showed no or minimal signs of degradation, respectively. The degradation of YSZ by Na 2 SO 4 may be given by [35] :
Na 2 SO 4 can react Y 2 O 3 leading to the formation NaYO 2 and, once again, due to destabilization of zirconia, transformation from tetragonal to monoclinic may be observed. In this study, although it has been observed small amount of monoclinic phase (~2%) in the plasma-sprayed coating, no reaction products of sodium and yttrium were found by XRD. Moreover, sodium and sulfur have not been detected by EDS either on the surface or along through thickness which suggests that those elements may have been vaporized during the exposure to high temperature.
The failure mechanisms observed in this study are in agreement with those proposed by Park et al [7] that refers three steps for the corrosion mechanism: a first in which the salt penetration into the entire thickness is observed; a second in which the penetrated salts react with the stabilizers of zirconia and; the final is completed by macroscale damage as a consequence of thermal and mechanical stresses that promote gradual losses of material from the surface (see released by detachment of the top coat. In the case of the laser-glazed specimens, since the molten salts may preferably attack the YSZ under the remelted dense layer (Fig. 8) , the last failure step may be accomplished firstly by delamination of the external dense layer and then if -14 -continuously in service, behave as regular plasma-sprayed coating experiencing gradual losses of material from the surface and/or spallation near the top coat/bond coat interface.
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Conclusions
Laser-glazed and as-sprayed ZrO 2 -8wt%Y 2 O 3 plasma-sprayed thermal barrier coatings have been subjected to an isothermal air furnace testing under V 2 O 5 and/or Na 2 SO 4 corrosive media at a temperature of 1000ºC for 100 hours. The laser-glazed specimens were not efficient in avoiding the molten salt penetration along the thickness direction due to the presence of cracks on the glazed layer. However due to a reduced specific surface area of the dense glazed layer, the corrosion reaction of the molten salts with the YSZ has been lower than in coatings in the as-sprayed condition. A maximum decrease of approximately 10% in the destabilization of 8YSZ has been achieved in the YAG laser-glazed specimen exposed to V 2 O 5 +Na 2 SO 4 . 
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